Recent jet results from ALICE and
STAR @ RHIC

Tons of slides — but most are for your
reference - | will not go to details on
many of those...
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Jets in AA collisions - what’s that about?

Jet K44

#{/‘eZ‘S observed in AA collision per N-N( é/‘nczry> collision)

#Q'ef\S observed per p=p collision)

Kag < 10 medicns induced owd—of—-cone radiation

>
@

Longitudinal modification:

* out-of-cone: energy lost, loss of yield, di-jet
energy imbalance

* in-cone: softening of fragmentation

Transverse modification
» out-of-cone: increase acoplanarity kT
* in-cone: broadening of jet-profile
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Jets in AA collisions — what’s that about?

Jet K AA

( #{/,"eZ‘\S observed in AA collision per N=-N (é/nary> collision)

#(V,er‘S observed per p—p C ollision)

Kag < 10 medicns induced owt—of —cone radiation
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Kan For jets ~0.6 @ 0.2 TeV all the way 2o 1 TeV

<=2 a constat * shift" => a TeV jet looses/injects tens (1007) of

Ge\V into the medicn



Jets in AA collisions — what’s that about?

Jet K AA

( #{/.fez‘g observed in AA collision per N=-N (é/nar}» collision)

#(V,er‘S oéSer\/ec/ per p-p C o//fS/on>

Kag < 10 medicns induced owd—of—cone radiation

| ATLAS Preliminary ~#- ATLAS, |5, = 5.02 TeV, this analysis

anti-k, A = 0.4 jets
4 ATLAS, |s,, = 2.76 TeV, arXiv: 1411.2357
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' Inclusive Jets: Quenching in Pb—-Pb at \/snn =5 TeV %
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» Jet quenching measured down to prjet = 40 GeV/c

(GeV/c)
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J. Mulligan, Wed, 11h05

* New: measured with jet radii up to R = 0.4
* R dependence probes the angular distribution of medium-induced radiation

» Hint of tension with most models at low pr (model references in backup)

https://indico.cern.ch/event/634426/contributions/3003545/attachments/1725255/2786826/
tdahms 20181001.pdf




ALICE: charged particle jets pp at 7 TeV °
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https://arxiv.org/pdf/1809.03232v1.pdf
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Important for understanding of AA reference (good quality data set)

Interesting deviations at low-pT ?



ALICE: charged particle jets pp at 7 TeV /

https://arxiv.org/pdf/1809.03232v1.pdf
Fragmentation for lowest pT jets
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Figure 3: Left panel: Charged particle scaled pt spectra FZ(z", p%hjet) for different bins in jet transverse

momentum. Right panel: Ratio of MC distributions to data. The shaded band shows the systematic
uncertainty on the data drawn at unity. Error bars represent the statistical uncertainties.
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00 Particle ID in Jets: Deuterons %

ALICE
* Are deuterons created in jets?
» e.g. by coalescence of protons and neutrons Deuteron-Hadron Correlations N
. xul)*l - I - - . e
» directly linked to baryon production in jets g oomp T ' ' ' ' W resyy
g - ALICE Preliminary 2.4 < p° < 3.0 GeV/c i
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‘I% 0.06{— —
0.043— $ %ﬂ —f
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» indication that deuterons are also produced in jets i A (rad)
(and not only non-composite hadrons)

B. Schaefer, Tue, 12h05

https://indico.cern.ch/event/634426/contributions/3003545/attachments/1725255/2786826/
tdahms 20181001.pdf




Hadron-jet coincidences

Coincidence distributions:
 Trigger on a hard process (hadron, jet, gamma, Z)
 Measure correlated energy-momentum distribution recoiling from the trigger
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Isolate correlated yield: A o
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Experimental expression of QCD factorization

* Precise correction for uncorrelated yield w/o biasing signal jet population
* Robust for large R, low p; /et
* Unfold to particle level (instrumental effects, bkgd fluctuations) B

trigger
hadron

But there is a price:

* D,..i is not an absolute yield
« Differential observable: evolution of recoil jet population with evolution in p-e

* Inthe spirit of pQCD: precise characterization of how something changes (think: DGLAP)



Yield suppression - spectrum shift

ALICE, Phys.Lett. B783 (2018) 95
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proéfns structure of &GP L
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oo ‘ y—Jet Correlations in pp and p—-Pb at \/sny = 5 TeV

ALICE

Fragmentation Function Azimuthal Correlation Per-trigger Jet Yield
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* Unigue access to low-Q? and low-xg; region
. i : A
* As expected: no significant differences between pp and p-Pb in Y ’\qa
» fragmentation function jet

» angular correlations

» jet yield
ety M. Arratia, Tue, 16h25

* Reference for Pb-Pb measurement

https://indico.cern.ch/event/634426/contributions/3003545/attachments/1725255/2786826/
tdahms 20181001.pdf




Not shown:
hadron fragmentation within jets, radial jet shapes (non ALICE)...

JET SUBSTRUCTURE

A broad strokes consensus:
MEDIUM vs. PROTON-PROTON: jets in AA more collimated;
more modifications at large angles / in soft particles

14



ALICE Jet structure - Older results...
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Medium: narrower pT weighted jet width
=>a la quark jets...
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New Result!
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Talk by M. Fasel

Zg

% Larger data setat +/s =13 TeV: L_ = 11.5 nb’? (Min Bias) L, =4 pb (Triggered)
*» Extending data set further by measuring full jets: Charged tracking + EMCal towers.

https://indico.cern.ch/event/634426/contributions/3090534/attachments/

» Allows for a more detailed probing of QCD:

Can help constrain non-perturbative effects?

1728180/2792125/Hard Probes Nima Zardoshti.pdf
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W jets
QCD jets N b - -
-subjettiness
2o » The N-subjettiness, t,, jet shape is a measure of how N-
8CHJ(i i 2 i
T, pronged a jet’s substructure is.
» T, is calculated relative to the N returned axes.
T e o > Initially developed to tag jets from Higgs decays such as
—. Higgs -> W*W-".
80A15
g 2 AR, . -> n- distance between
S 01 ’ )]
; ng’iMm(ARi’l’AR’FZ"“’AR’?N) track i and subjet j
o Ty = ROEPT ' pr;-> pyof ™" jet constituent
“ 0z 0g_ gs o8 1 i R, : Jet resolution parameter
< T,->0 Jet has N or fewer well defined cores
£ ous /T * T>1 Jet has at least N+1 cores
o % T1,/ty,->0 lJethas N cores
%  1,/t;->0 Jetis two-pronged

00 0.2 0.4 0.6 0.8 1
1:2/1: A of jet

[Thaler et al, JHEP 1103 (2011) 015]

https://indico.cern.ch/event/634426/contributions/3090534/attachments/
1728180/2792125/Hard Probes Nima Zardoshti.pdf
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Fully Corrected T,/T; Shape in pp
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https://indico.cern.ch/event/634426/contributions/3090534/attachments/
1728180/2792125/Hard Probes Nima Zardoshti.pdf
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Fully Corrected AR Shape in pp
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+* Clean observable describing
the distance between

different types of splittings in
the jet.

¢ Returned axes (AR) well
described by PYTHIA.

s C/A : soft scale acts at large
distances from the jet core.

% k; and Soft Drop: hard
splittings primarily in jet
core.

https://indico.cern.ch/event/634426/contributions/3090534/attachments/

1728180/2792125/Hard Probes Nima Zardoshti.pdf
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Fig. 10: Fully-corrected jet mass distribution for anti-kt jets with R = 0.4 in the 10% most central Pb—Pb
collisions compared to PYTHIA with tune Perugia 2011 and predictions from the jet quenching event
generators (JEWEL and Q-PYTHIA). Statistical uncertainties are not shown for the model calculations.
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Utilizing Jet Grooming at RHIC with di-jets

Hard Core —Dijet Selection
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No observable difference in AuAu in comparison to pp

Subtleties: difference (to LHC) in jet selection - a hard fragmentation selection
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s ~ 10 % reduction in the number of jets

with a splitting that passes Soft Drop.

https://indico.cern.ch/event/634426/contributions/3090534/attachments/

1728180/2792125/Hard Probes Nima Zardoshti.pdf
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Inclusive z, Shape in Pb-Pb
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unselected Z, unselected Z,

¢ Collimated splittings enhanced.
¢ Large angle splittings suppressed.
* No low z, enhancement observed at large angles.

https://indico.cern.ch/event/634426/contributions/3090534/attachments/
1728180/2792125/Hard Probes Nima Zardoshti.pdf
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Number of Splittings in the Jet that Satisfying the
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Soft Drop Condltlon in Pb-Pb

** No enhancement in number of
splittings passing Soft Drop.

** Enhancement in number of
untagged jets (first bin).

+** In contrast to expected
correlated medium response or
coherent collinear emissions.

https://indico.cern.ch/event/634426/contributions/3090534/attachments/

1728180/2792125/Hard Probes Nima Zardoshti.pdf
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+* No modification observed within statistical
limits.

¢ Suppression of large AR would be expected
for “resolved” jets.

** Enhancement of low AR would be expected
with medium induced semi-hard radiation.

¢ Possible modifications can be smeared by
the fake splittings === reduction of
signal to background ratio.

*+ Need to reject fake splittings to uncover
potential physics signal.

https://indico.cern.ch/event/634426/contributions/3090534/attachments/

1728180/2792125/Hard Probes Nima Zardoshti.pdf

27



Hard Probes conference October 2018
https://indico.cern.ch/event/634426/

1/N°® dN/d(z /7 )

Fully Corrected 1'2/1'1 Rec011 Shape in Pb-Pb

-

—=— ALICE Data

=—=— PYTHIA Perugia 11
-~ Shape Uncertainty — —]

New Result!

- 5
Y
N
b g
o
= 35
P
S 3
2 25
< >
T 15

i

0.6 0.8

7,/7,

T
—=— ALICE Data E

—e— PYTHIA Perugia 11

Shape Uncertainty ~ —

——

isation
$

New Result!

~ 9
ALICE Prellmlnaly ALICE Data E W 45 i ALICE Prellmlnary
0-10% Pb-Pb {5, = 2.76 TeV ——PYTHIAPerugia 11 3§ g, OF  0-10% Pb-Pb {5 =276 Tev
Anti-k; charged jets, R = 0.4 - Shape Uncertainty — — (Y 4F Anti-k; charged jets, R = 0.4
S C
T—-Ap<0.6 o E 7-Ap<06
TT{15,45} - TT{8,9} E E 3.5 F TT{15,45} - TT{8,9}
h 4 £
40 < p;m <60 GeV/c 94 o 3 40 < p:zg‘ <60 GeVic
ki reclustering 1 o F  C/Areclustering
RN S = = F
e 1@ 2.5
I 3 _‘2 E
k; 1< 2 C/A
1 E
1 = 1.5
—= 1=
E 0.5
F ‘ | \ L9 e ra—a—m—
4 08 1 82 0.4
< ﬁ =
T — T 3 ST
ALICE P li 3 E imi
= rel ;mmary ALICE Data E w 45 = ALICE Preliminary
E 0-10%Pb-Pb (s =276 Tev PYTHIAPerugia 11 3 oy "OF 0-10% Po-Pb {5 =276 TeV
- Anti-k; charged jets, R = 0.4 -~ Shape Uncertainty ~ — () 4; Anti-k; charged jets, R =0.4
- e c
F 7-4¢<06 1 © F 7-Ap<06
E TT{15.45 - TT{8,9} 9 = 35 -
£ T Soft Drop (C/A) § 3 °°F muse-tres
£ 40< Pl< 60 GeV/c 4 o == 40 < p?"ja <60 GeV/c
F  Soft Drop z.,=0.15=0 with C/A reclustering ER E  C/Areclustering + minimisation
— — = ’
E Jo 25F ..
3 R 1= _E C/A+ Minim
F : ¥ 1 2F
E 1 + £
= = 1.5
E E 1
05— New Result! E 0.5 —_—
E 1 | L | 1 | L | I L L |
0.4

2

_LJ‘

‘0.4‘ .

0.8 g
T,/T,

0.6

xS Alignment of radiation

relative to returned axes is

28

similar in Pb-Pb and PYTHIA.

: ¢ No quenching

modifications observed in a
variety of different types of
splittings.

% kyand Soft Drop :

» A shift to larger values
expected if jets are
“resolved”.

» A shift to lower values
expected with medium
induced semi-hard
radiation.

https://indico.cern.ch/event/634426/contributions/3090534/attachments/

1728180/2792125/Hard Probes Nima Zardoshti.pdf
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ALICE substructure summary

Reclustering algorithms varied to probe different scales in the splittings.

No modification of the the two-pronged substructure of jets observed in the medium.
A significant modification of the z, distribution observed in the medium.

Large angle splittings appear suppressed in data.

The number of hard splittings are not enhanced in data.

These measurements represent an ongoing effort to systematically investigate jet
substructure at ALICE.

https://indico.cern.ch/event/634426/contributions/3090534/attachments/
1728180/2792125/Hard_Probes_Nima_Zardoshti.pdf
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Modifications of jet structure due to jet-
medium interactions

... ON THE FUTURE OF JET
QUENCHING STUDIES
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Lund diagrams, a theoretical representation of the phase space within jets, have long been
used in discussing parton showers and resummations. We point out that they can be created

for individual jets through repeated Cambridge/Aachen declustering, providing a powerful

visual representation of the radiation within any given jet. arXiv:1807.04758
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Figure 3: Emission density along slices of the Lund plane, at fixed k; (top) and A (bot-

tom), comparing three event generators.
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Figure 1: Left: The kinematical Lund plane spanned by In1/0 and Inz6 for jets with opening angle
R, see text for details. Right: clustering history with the formation time of primary emissions in the
kinematical Lund plane.
Note: Lund diagram - direct connection to z, (groomed obs.) worked out
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Figure 1: Left: The kinematical Lund plane spanned by In1/0 and Inz6 for jets with opening angle
R, see text for details. Right: clustering history with the formation time of primary emissions in the
kinematical Lund plane.
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PT.a > PTp, K = 5 T~ ab

Jet Lund diagram
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Expectation from theory: for every R and p,, the phase
space should be uniformly filled => the peak at the
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Jet Lund diagram
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Figure 3: Lund diagrams reconstructed from a sample anti-k+ R = 0.4 jets generated by PYTHIAS.
Three reclustering strategies were considered: C/A (left), kr(middle), and anti-ky (right).
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Jet Lund diagram
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Jet Lund diagram
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Jet Lund diagram
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Jet Lund diagram
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Jet Lund diagram
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Jet Lund diagram PTa > Pros K = prige—»Aa
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Sensitivity to medium’s T

An example...
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Sensitivity to medium’s L (centrality)

An example...
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Notes on (heavy-)quark

. Gluon splits
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Purely MC exersize -
compare LF to HF jets

An approximation:

- use the leading
parton within the
emitter (follow Q)

Opportunity? — explore
with Machine Learning

Dead cone:
radiation
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Heavy-flavor and the dead cone...

* High-energy HF - little dead-cone
effect because of m/E small -
radiative quark (a la LF) e-loss
dominant

* |. Viteev studied HF-jets with z,
(standard grooming tech.) => No
significant differences as compared
to LF jets (high-momentum 140-160
GeV) for HF tagged jet Q->Qg

e QQbar splits in parton shower:

— |. Viteev - little / no in medium
modification

— Novel techniques in pp on
Disentangling Heavy Flavor at
Colliders [arXiv:1702.02947] -
potentially interesting for AA
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The modification of the jet
splitting functions in 0-10% central Pb+Pb
collisions at /snyn = 5.02 TeV for the pr bin
140 < pr,; < 160 GeV. The upper panels
compare the LO and MLL predictions to CMS
light jet substructure measurements [12]. The
middle and lower panels present the MLL
modifications for heavy flavor tagged jet - the

Q — Qg and — QQ, respectively.



Heavy-flavor and the dead cone...

 Can we take a look with Lund diagram?
— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization

* Why z, (used so far) not good?
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Heavy-flavor and the dead cone...

Can we take a look with Lund diagram?

— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization

Why z, (used so far) not good?

’Q 0 | L DL L DL DL B
g PYTHIA e (p, )" =0.01
- -1 pp |5, =5 TeV == (p, 9" =107
P - anti-k, R=0.4; C/A structure == p, ' =10"
N 80< p'T'" <120 (GeVic) (p,t)" = 10°

:\ : ‘".?\‘
i Scatter plot for BEAUTY jets
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Dead cone

An approximation
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Heavy-flavor and the dead cone...

Can we take a look with Lund diagram?
— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization

Why z, (used so far) not good? (even worse separation for higher p;)
CMS cuts A< 0.1 -ALICE does not

= F**** """ *'[*®"'""®
s b ppAA e (p, )" =0.01
- -1 P s, =5TeV == (p, 9" =107
P anti-k, R=0.4; C/A structure == (p,ty'=10"
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Scatter plot for BEAUTY jets
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Heavy-flavor and the dead cone...

Can we take a look with Lund diagram?

— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization

* Why z, (used so far) not good? (even worse separation for higher py)

Go to lower p,’s ...
—_—

— I
»
s £ pppAA e (p, )" = 0.01
-1 P s, =5TeV == (p, 9" =107 0.5
5 anti-k, R=0.4; C/A structure == p, ' =10*
- 40 <p <60 (GeV/c) (p,t)" = 10°

0.4

Scatter plot for BEAUTY jets
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Heavy-flavor and the dead cone...

 Can we take a look with Lund diagram?
— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization
* Why z, (used so far) not good? (even worse separation for higher py)

CMS cuts A < 0.1 - ALICE does not
/ Go to lower p;’s ...
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Searching for the dead cone (PYTHIA)
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https://arxiv.org/abs/1812.00102
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Searching for the dead cone rto:biets /e

Parton level Hadron level — measurable effect(?)

Relative ratio to gluons and light flavor quarks Relative ratio to gluons and light flavor quarks
S Al AR RS RS LRSS RAARE RAALE RERRE RERRS > SR R L A IS LN IS IS L I A

E Parton level beauty In(kT) >0 E E, E Hadron level beauty In(kT) >0 0.4
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Lund with C/A Dead cone:

Cut Lund non-perturbative region log(kt) < 0 radiation suppressed for

Project onto E_{radiator} 0 <m/E
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Summary

Lots of activity on jets in AA (and pp — as the reference)

Strong focus on jet substructure, declustering => a direction seen
as a way towards in-medium parton shower studies (more in-
depth?) - still somewhat on a learning curve. ..

Quark vs. gluon energy in-medium radiation is likely to be a one of
the most interesting items - (one of the most important
predictions) - looking forward to high-precision photon/Z-jet
coincidences; heavy-flavor jets

RHIC vs. LHC - luxury but very useful comparison and contrast

New ideas: leading subjets (https://arxiv.org/abs/1710.07607); automated
substructure observables discovery (https.//arxiv.org/abs/1810.00835)
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78

Searching for the Dead Cone

" _ 2 1
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FIG. 1: Left column: Lund diagrams for charm and beauty and inclusive jets at parton level and UE switched off,
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Searching for the Dead Cone
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Events (a.u.)

. Events (arh. units)
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application: jet quenching in p+Pb

ALICE, Phys.Lett. B783 (2018) 95

Event activity (a.k.a. “centrality) in p+Pb @ 5.02 TeV

ALICE p-Pb (5 = 5.02 TeV
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Hard Probes conference October 2018
https://indico.cern.ch/event/634426/

oo Jet Structure: Splitting Function

» Study QCD 1—2 splitting function in pp

» momentum fraction zg carried hard jet component : I — -.‘J"' Zg
after removing soft jets with momentum fraction z i A 0 g
: B ! ] —
L min(pr, 1; pr, 2) S (ARlz) ! [ — ) 1 2y
— cut \ T 5 !
pr.1+ P2 Ro ! [Tttt A. Larkoski et al., arXiv:1704.05066

here: zeu=0.1,6=0 ~~~""~~ e

£ R ) (N - e B B B
- 2 I ALICE Preliminar s=13TeV, | Ldt=11.5nb" 2 I ALICE Prelimina Vs=13TeV, |Ldt=4pb’
¢ No dependence on jet pT (as expeCted) %.5 107Ant| ke, SOGeV/cy<F: <4OGeV/cI . %5 10—Antl ke, 1GOGeVrZ:ZZ'<1SOGeV.!‘c " A
. ) §_ [ pr*>0.15 GeV/c, E°** > 0.3 GeV ] §— [ p* > 0.15 GeVic, £ . 03 Gev ]
» probe now high-pr jets (180 GeV/c) gl 11 <07 I <07, 1| <07 A, o oo ] 8_|q"a°k|<o,7, PP <07, 1 <07 R 4 g oo
[ SoftDrop: z,,; = 0.1, f=0 £R-03 ] C SoftDrop: z,,,=0.1, =0 5 R-03 ]
* Depends on jet cone radius at low pr o +R=04 o TR-04
. . r +R=05 r +R=05 ]
- pOInts to non-perturbatlve effects 4:_ Dy — PYTHAPerugia2011 | 4:_ —— PYTHIA Perugia 2011
e Studied outto R =0.5 2 e 2 ]
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https://indico.cern.ch/event/634426/contributions/3003545/attachments/1725255/2786826/
tdahms 20181001.pdf




Hard Probes conference October 2018
https://indico.cern.ch/event/634426/

oo ' Jet Structure: Splitting Function

» Study QCD 1-—2 splitting function in pp

» momentum fraction zg carried hard jet component
after removing soft jets with momentum fraction z

min(pr, 1; pr,2) (ARU)B
Z = > Zewt | —5—
PT,1 +PT,2 Ry
here: zcut =0.1,3=0

* No dependence on jet pr (as expected)
» probe now high-pr jets (180 GeV/c)

* Depends on jet cone radius at low pr
— points to non-perturbative effects

e Studied outto R =0.5

M. Fasel, Wed, 9h40
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* Study number of sub-jets within jets

» Quantify how pronounced N prongs are in a jet

o Zz P, min(ARl’i, AR27Z’, “e ARN’i)
RY ;pr.
» v — O: N or less cores

™N

» Tn — 1: at least N+1 cores

» To/T1 — O: jet has 2 prongs

* Different structures probed by different
reclustering algorithms (e.g. C/A or k)

« Splitting of sub-jets in pp described by PYTHIA

* use PYTHIA for energy extrapolation: 7 TeV — 2.76 TeV

* Very similar sub-jet structure in Pb-Pb
— In-medium jet core remains vacuum-like

» more pp data needed to quantify
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